The successful operation of an Autonomous Underwater Vehicle (AUV) requires the capability to return to a dock. A number of underwater docking technologies have been proposed and tested in the past. The docking allows the AUV to recharge its batteries, download data and upload new instructions, which is helpful to improve the working time and efficiency. During the underwater docking process, unsteady hydrodynamic interference occurs between the docking device and an AUV. To ensure a successful docking, it is very important that the underwater docking hydrodynamics of AUV is understood. In this paper, numerical simulations based on the computational fluid dynamics (CFD) solutions were carried out for a 1.85m long AUV with maximum 0.2 m in diameter during the docking process. The two-dimensional AUV model without fin and rudder was used in the simulation. The mathematical model based on the Reynolds-averaged Navier-Stokes (RANS) equations was established. The finite volume method (FVM) and the dynamic structured mesh technique were used. SIMPLE algorithm and the k-ε turbulence model in the Descartes coordinates were also adopted. The hydrodynamics characteristics of different docking states were analyzed, such as the different docking velocity, the docking device including baffle or not. The drag coefficients of AUV in the process of docking were computed for various docking conditions, i.e., the AUV moving into the docking in the speed of 1m/s, 2m/s, 5m/s. The results indicate that the drag coefficient increases slowly in the process of AUV getting close to the docking device. When the AUV moves into the docking device, the drag coefficient increases rapidly. Then the drag coefficient decreases rapidly.
INTRODUCTION
Autonomous Underwater Vehicles (AUVs) are playing a growing role in the ocean sciences with the development of deep sea exploration, observation and scientific studies [1] . AUVs which are free from any towing cables can perform literally in any environment, while the only limiting factor of AUV is the data and energy storage. Docking stations and docking techniques are being developed to solve these problems [2] . The actively controlled underwater docking technology helps to complete the tasks of data uploading, mission downloading and recharge of batteries, which effectively improves the efficiency and work time of AUV [3] .
During the underwater docking process, unsteady hydrodynamic interference occurs between the docking device and AUV, especially when AUV is getting into the docking device. Because the forces acting on the vehicle change unsteadily with the interference from the docking device, it has a great influence on safe maneuverability and autonomous recovery. As a result, the accurate calculation of nonlinear hydrodynamic plays an important role for successful docking.
To date, the hydrodynamics during the docking process has not been widely researched. Kim and Lee provided a current model and added motion equations to predict the maneuverability of the AUV [4] . The complex unsteady flow that occurs with moving boundaries results from the relative motion between the AUV and the dock. A method to solve this problem based on the potential flow theory was used in previously published papers, such as Panel-method, Conformal mapping method and Constant volume expansion method [5] [6] . The potential flow theory based methods are relatively effective for simple shape of two-body interference flow field, while inappropriate to complex shape objects like the flow field of docking process. With the development of computer technology, the computational fluid dynamics (CFD) method has been applied to a variety of problems. The CFD methods have demonstrated their capabilities to capture transient effects. Cheng [5] studied the hydrodynamic interactions between two bodies, an underwater body and a wall. The author also conducted two series of near-wall interaction experiments to measure the interacting forces under different conditions. However, these studies focused on the simulation of steady flow.
In this paper, an unsteady docking process was simulated by the CFD method using the dynamic mesh technique. The Fluent Code was used. A tapered guide cover was proposed as the docking device to accomplish the docking procedures. Based on the CFD method, the two-dimensional mathematical model was set up. The finite volume method (FVM) and the dynamic structured mesh technique were used to simulate the docking process of AUV. The hydrodynamics characteristics of different docking state were analyzed, such as the different docking velocity, the docking device with/without a baffle. It presented a meaningful reference for the success of AUV underwater docking.
NUMERICAL MODEL
By ignoring appendages, AUV can be simplified as a body shape. In this paper, the AUV which was studied has a length of 1850mm, and its largest diameter is 200mm. The twodimensional computational domain, 16m×5m is used for the simulation. Two computational models were set up, the first one has a closed bottom of docking device as shown in Fig. 1 , and the second one has an open bottom of docking device as shown in Fig. 2 . The docking device has a length of 3m and diameter of 250mm, a conical section transverse length of 1m, a diverging segment end diameter of 1.4m. The distance between the docking device and the left side is 4.5m, the distance between the AUV and the docking device is 1m. 
Dynamic Mesh Technique
As the flow field is unsteady, the dynamic mesh technique is used. Three groups of mesh motion methods are available to update the volume mesh in the deforming regions subject to the motion defined at the boundaries, and they are spring-based smoothing, dynamic layering, and local re-meshing.
The dynamic layering method was chosen as the dynamic mesh update method in this paper. The dynamic layering is used to add or remove layers of cells adjacent to a moving boundary, based on the height of the layer adjacent to the moving surface. It can be applied to layered grid zones on the boundary like hexahedral and wedge mesh zones. The layer of cells adjacent to the moving boundary is split or merged with the layer of cells next to it. In this way the boundary grid will remain a certain density.
MESHING AND NUMERICAL METHODS
The hybrid mesh is used for grid generation. Triangular mesh is generated as a unit for the flow field around boundary layer and structured grid is generated in the far field. The grid around AUV and docking device is refined to better capture the boundary layer. The first grid spacing was set as 1 y   ，i.e., 1mm for the first layer and the growth rate is 1.2. Figure 3 shows the grid around the AUV head and its surrounding area.
Figure 3. Grid around the AUV head and its surrounding area
A pressure-based algorithm was employed in the computation. The SIMPLE algorithm was used as the pressurevelocity coupling scheme. The second-order upwind scheme was employed for discretization. The left side of the computational zone is the velocity-inlet while the right side is the pressure-outlet with the pressure of zero.
Verification of Numerical Method
A sample case was simulated by using Fluent and the potential flow method to verify the CFD computations. Figure 4 presents the surface-pressure distribution. From the comparison, it can be seen that the trends of the two computations agree very well. The main differences of the two results occur at the tail. This is presumably due to the viscous effect.
Figure 4. Comparison of results based on Fluent and the potential flow method

Convergence Studies
Convergence studies were carried out to investigate the effect of grid resolution and time step on the drag coefficient x C in the process of docking. Studies were performed using 120,000, 160,000 and 200,000 grids for the case of the velocity =1m/s, when L is 0.5m, 1.5m, 2.5m. The results are presented in Table. 1, where L is defined as the docking distance and L is 0m at the initial time. The step times used are 0.001s, 0.0005s, 0.0001s for the same case. The sensitivity of results to time steps was summarized in Table. 2. 
Table 2 The step time independence test results
Step time/ 10 -3 s L=0.5m L=1.5m L=2.5m Table 1 shows that when the grid number increasing from 0.12 to 0.20 million, the change in drag coefficient is very small. Therefore 0.12 million will be used for the rest of studies. Table 2 indicates the solution is insensitive to the time step. As a result, 0.001s was chosen as the step time for the following computations.
Drag Characteristics Influenced by Docking Device Structure
The hydrodynamics characteristics was computed and analyzed for three AUV velocities: 1m/s, 2m/s and 5m/s. Figure  5 presents the residual variance curves of numerical simulation for the AUV velocity is 1m/s, the relationship between the drag coefficient and L is shown in Fig. 6 and Fig. 7 . Figure 6 shows that the drag coefficient increases slowly in the process of docking before AUV enters the constant cross section, while increases rapidly when AUV starts moving into the constant cross section. This is apparently due to the smaller diameter of the constant cross section which reduces the drainage area. Therefore the pressure acting on the head of AUV increases rapidly, increasing the pressure drag. When most of the body has entered the docking device, the drag coefficient reaches a maximum, when L=3.3m.When the caudal segment starts entering the constant cross section, the drag coefficient begins to decrease until it is constant when AUV has completely entered the constant cross section. In the process of docking, the drag coefficient decreases with the increase of velocity, but the velocity has insignificant effect on the drag coefficient. Figure 7 shows that when the drag coefficient increases slowly at the beginning of docking, however increases rapidly when the AUV starts moving into the constant cross section. With the movement continues, the open bottom ensures a smooth drainage. That's why the drag coefficient begins to decrease and tends to be very small when AUV has completely entered the constant cross section.
For better comparison of the impact of the presence of the bottom cover, Figure 8 presents the draft coefficients for the two cases with bottom covered or opened. The pressure distributions shown above indicate that the minimum pressure occurs at the nozzle zone of the constant cross section. It is due to the high velocity in this zone. The pressure at the AUV head region is maximum and it increases with moving into the docking device.
Flow Field Distribution
CONCLUSIONS
The mathematical model for an AUV moving to the docking devices was set up based on the incompressible viscous flow computations. The numerical simulations of AUV docking were carried out, and the following conclusions were drawn:
1) The drag coefficient increases slowly when the AUV moves near the conical section of docking device; 2) the drag coefficient increases rapidly when AUV starts moving into the constant cross section, and after a while the drag coefficient decreases rapidly; 3) the use of the docking device with open bottom reduces the drag.
